Glossina pallidipes and Musca domestica salivary gland hypertrophy viruses (GpSGHV and MdSGHV) replicate in the nucleus of salivary gland cells causing distinct tissue hypertrophy and reduction of host fertility. They share general characteristics with the non-occluded insect nudiviruses, such as being insect-pathogenic, having enveloped, rod-shaped virions, and large circular double-stranded DNA genomes. MdSGHV measures 65¾550 nm and contains a 124 279 bp genome (~44 mol% G+C content) that codes for 108 putative open reading frames (ORFs). GpSGHV, measuring 50¾1000 nm, contains a 190 032 bp genome (28 mol% G+C content) with 160 putative ORFs. Comparative genomic analysis demonstrates that 37 MdSGHV ORFs have homology to 42 GpSGHV ORFs, as some MdSGHV ORFs have homology to two different GpSGHV ORFs. Nine genes with known functions (dnapol, ts, pif-1, pif-2, pif-3, mmp, p74, odv-e66 and helicase-2), a homologue of the conserved baculovirus gene Ac81 and at least 13 virion proteins are present in both SGHVs. The amino acid identity ranged from 19 to 39 % among ORFs. An (A/T/G)TAAG motif, similar to the baculovirus late promoter motif, was enriched 100 bp upstream of the ORF transcription initiation sites of both viruses. Six and seven putative microRNA sequences were found in MdSGHV and GpSGHV genomes, respectively. There was genome. Collinearity between the two SGHVs, but not between the SGHVs and the nudiviruses. Phylogenetic analysis of conserved genes clustered both SGHVs in a single clade separated from the nudiviruses and baculoviruses. Although MdSGHV and GpSGHV are different viruses, their pathology, host range and genome composition indicate that they are related.
INTRODUCTION
A group of double-stranded (ds) DNA viruses, referred to as salivary gland hypertrophy viruses (SGHV), has been detected in the house fly Musca domestica (Coler et al., tsetse flies infected males can be distinguished by a rounded, enlarged abdomen (A. M. M. Abd-Alla and others, unpublished data). The viral infection of M. domestica salivary gland hypertrophy virus (MdSGHV) and Glossina pallipides salivary gland hypertrophy virus (GpSGHV) is known to reduce reproduction in the house fly and tsetse fly, respectively (Sang et al., 1998 (Sang et al., , 1999 Lietze et al., 2007) .
Most of the research has focused on GpSGHV and MdSGHV. Although both viruses induce SGH, they possess distinct structural and molecular characteristics. Both viruses are enveloped, rod-shaped with a circular dsDNA genome, and both contain a complex of major and minor structural peptides (Coler et al., 1993; Garcia-Maruniak et al., 2008) . The MdSGHV, measuring approximately 656550 nm, contains a 124 279 bp genome (~44 mol% G+C content) that codes for 108 methionine-initiated putative open reading frames (ORFs) (Garcia-Maruniak et al., 2008) . GpSGHV, measuring 5061000 nm (Abd-Alla et al., 2007) , contains a 190 032 bp genome (28 mol% G+C content) with 160 putative ORFs (Abd-Alla et al., 2007 . In addition to the biochemical differences, there are some pathological differences between GpSGHV and MdSGHV that may reflect adaptations to their respective host systems. The tissue tropism differs between these viruses. MdSGHV appears to only replicate in the salivary gland tissue and only sterilizes female house flies (Lietze et al., 2007; Geden et al., 2008) . No morphological aberrations have been observed in female accessory glands, in spermathecae, or in the male ejaculatory tract, and testes of infected males contain viable sperm (Lietze et al., 2007) . GpSGHV, in addition to infecting salivary glands, has been reported to replicate in the female milk gland as well as in gonadal tissues, resulting in testicular degeneration and ovarian abnormalities, thus reducing the reproductive potential in both sexes of the host (Sang et al., 1998 (Sang et al., , 1999 .
The major mode of MdSGHV transmission within adult house flies is believed to be horizontal by feeding on contaminated food sources, and the field incidence of MdSGHV in feral house fly populations may reach up to 34 % (Geden et al., 2008) . In contrast, the natural incidence of the tsetse SGHV is lower, with only 0.4-15.6 % of the field-collected flies displaying SGH (Jaenson, 1978; Otieno et al., 1980; Odindo et al., 1981; Odindo, 1982; Ellis & Maudlin, 1987; Jura et al., 1988) . In nature, the major mode of SGHV transmission in tsetse flies is believed to be vertical from mother to offspring either by transovum transfer of the virus to the embryo (Jura et al., 1989) or via virus-infected milk glands to the developing larvae (Sang et al., 1996) .
Symptomatic expression of SGHV infection has been found in collapsed tsetse fly colonies such as the Ethiopian colony of G. pallidipes maintained in the Entomology Unit of the FAO/IAEA Agriculture and Biotechnology Laboratory, Seibersdorf, Austria (Abd-Alla et al., 2007) . Unlike the situation in nature, horizontal transmission of GpSGHV has been implicated in colonized tsetse fly populations that feed in cohorts on bloodcontaining membrane systems. However, in most cases the incidence of SGH symptoms is low in colonized tsetse, for example in Glossina morsitans colonies the incidence of symptomatic SGH ranged from 1.1 (Jura et al., 1993) to 4.0 % (Kokwaro et al., 1990) . Utilizing a non-destructive PCR detection method, Abd-Alla et al. (2007) detected GpSGHV PCR positives in 100 % of the colonized tsetse flies that did not exhibit SGH. Similar screening by PCR detected MdSGHV positives in less than 0.1 % of the tested colonized M. domestica flies (V.-U. Lietze, unpublished data).
The genome sequences from GpSGHV (Abd-Alla et al., 2008) and MdSGHV (Garcia-Maruniak et al., 2008) show that they were not closely related to any other large entomopathogenic DNA viruses available in the current databases. In this study, we analyse these two viruses and compare the extent of homology between the ORFs, the putative promoter regions, the genome collinearity, and phylogenetic relatedness of the two SGHVs to each other and to other large invertebrate DNA viruses. This information provides a basis to determine the relationship between these two viruses, explain their key biological features and outline to what extent they are different from other large dsDNA invertebrate viruses.
METHODS
Comparison of the MdSGHV and GpSGHV ORFs. All putative ORFs identified in GpSGHV (GenBank accession no. EF568108) (Abd-Alla et al., 2008) and MdSGHV (GenBank accession no. EU522111) (Garcia-Maruniak et al., 2008) were compared to the GenBank protein database using the National Center for Biotechnology Information BLAST searches (Altschul et al., 1990 (Altschul et al., , 1997 , including the non-redundant standard protein-protein BLAST (BLASTP) searches for viruses (taxid 10239). ORFs were considered homologous when the E-values were 0.01 or lower. The percentage of amino acid identity between the GpSGHV and MdSGHV ORFs and the size of the compared amino acid regions were also annotated. Since the SGHVs share general characteristics with the non-occluded insect nudiviruses and shrimp nimaviruses, the genomes from Heliothis zea 1 nudivirus (HzNV-1) (Cheng et al., 2002) , Gryllus bimaculatus nudivirus (GbNV) (Wang et al., 2007b) , Oryctes rhinoceros nudivirus (partial sequence) (Wang et al., 2007c) and the shrimp white spot syndrome virus (WSSV) (van Hulten et al., 2001) were also compared to MdSGHV and GpSGHV separately. Also in this case, homology was only accepted when the BLASTP E-values were lower than 0.01.
Genomic organization. The genomic organization of MdSGHV and GpSGHV was compared according to the gene order by gene parity plot analysis (Hu et al., 1998) and by the collinearity of conserved regions (not specifically ORFs) with a syntenic map (Lauzon et al., 2006; Wolff et al., 2008) . In both analyses, the two genomes were linearized taking the dnapol gene as the first ORF. For the syntenic map, the genomes were aligned using the BLAST2 sequence tool with the TBLASTX program. They were translated in all six reading frames and the encoded peptides were compared. The DOUBLE ACT v2 program was used to produce the input comparison file for both genomes to be used with the Artemis Comparative Tool (ACT) provided by the Sanger Centre (http://www.sanger.ac.uk/Software/ ACT/). The cut-off score used with the DOUBLE ACT v2 program was 30. The high-score pairs (HSPs) accepted for these analyses were from 30 to 161, with identities ranging from 21 to 73 %. In order to compare MdSGHV and GpSGHV to HzNV-1 or GbNV, each combination was used with DOUBLE ACT v2 to produce a comparison file for each pair (MdSGHV/HzNV-1, GpSGHV/HzNV-1, MdSGHV/ GbNV, GpSGHV/GbNV and MdSGHV/GpSGHV). ACT was used to compare the complete genome content of MdSGHV and GpSGHV to HzNV-1 or GbNV in two separate syntenic maps.
Identification of pre-microRNA (miRNA) sequences. Structural and thermodynamic analyses were employed to predict putative premiRNA candidates from MdSGHV and GpSGHV genomes. The sRNAloop program (Grad et al., 2003) was used to scan the entire genome to search for stem-loop structures (parameters: hairpin length no more than 75 nt, loop longer than 3 nt and cut-off threshold score of 22). After removing redundant and low mol% G+C entries, the screened stem-loop sequences were analysed by a structure-based analysis tool with a cut-off threshold score of 90 (Ritchie et al., 2007) . Finally, RNAfold (Hofacker, 2003 ) was used to screen thermodynamically stable pre-miRNA sequences that have less than 225 kcal mol 21 of free energy.
Identification of promoter motifs. In order to identify putative promoter motifs, the 100 and 200 bp regions upstream of the predicted ORFs in GpSGHV and MdSGHV were analysed for the relative enrichment of 4 and 5 mer sequence motifs. The occurrence of the motifs in promoter regions was compared to their presence in the whole genome. For this analysis, the G+C mol% content of the virus was taken into account and assigned repeat regions were removed to avoid bias towards repeated sequences. Analysis was performed using scripts in Perl (http://www.perl.com/) as described previously (Marks et al., 2006) . A similar analysis was carried out for Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV), Chilo iridescent virus (CIV) and HzNV-1 for comparison.
Phylogenetic analysis. In order to establish the relationship of GpSGHV and MdSGHV to other large dsDNA virus families, phylogenetic trees of homologous genes in the respective families were constructed using CLUSTAL W protein alignment and MEGA 4 software (Molecular Evolutionary Genetics Analysis) (Tamura et al., 2007) using the neighbour-joining method, and were confirmed with bootstrap analysis with heuristic search and 500 replicates.
RESULTS AND DISCUSSION

General comparison of MdSGHV and GpSGHV
Although both viruses induce SGH in their hosts, they have distinct biological, structural and molecular characteristics. The vast majority of information available for the SGHVs deals with the biological changes they inflict on their specific hosts upon infection ( Table 1) . The difference in their genome size (MdSGHV5124 279 bp vs GpSGHV5190 032 bp) is reflected by a difference in the viral particle size. The nucleocapsid topology of MdSGHV differs from that of GpSGHV in that a braided structure is apparent by the electron microscopy of MdSGHV virion particles (GarciaMaruniak et al., 2008) and not in the GpSGHV flexible rods (A. M. M. Abd-Alla, personal communication). To see whether these two viruses are genetically related, a comparative genomic analysis has been carried out.
Genomic comparison of MdSGHV and GpSGHV
Both viruses have a circular dsDNA genome (Abd-Alla et al., 2008; Garcia-Maruniak et al., 2008) . The GpSGHV genome is 65 753 bp longer than the MdSGHV genome with 52 more putative ORFs and a much lower G+C content (Table 1 ). The number of direct repeats (drs) is higher in MdSGHV (18 vs 14); however, the total percentage of repeated sequences was 1.74 % of the genome in MdSGHV and 2.84 % in GpSGHV due to longer repeated regions in GpSGHV. Interestingly, seven and nine of the drs were found inside putative ORFs in MdSGHV and GpSGHV, respectively. Any effects caused by the drs on the translation of these putative proteins are still to be investigated. The function of the drs in these genomes are to be determined as they might serve as origins of DNA replication or enhancers of transcription.
BLAST analysis identified 37 MdSGHV ORFs homologous with 42 GpSGHV ORFs ( Table 2 ). The differences in ORF homologue numbers were due to five instances where the individual MdSGHV ORFs 025, 033, 036, 074 and 082 had homology to the following pair of GpSGHV ORFs 096/097, 107/108, 110/111, 032/033 and 030/031, respectively. Further BLAST and motif analysis of these pairs showed two instances of ORF duplications followed by mutations. GpSGHV107/ 108 included ATPase motifs homologous with MdSGHV033, while GpSGHV110/111 had zinc-dependent matrix metalloproteinase motifs similar to the one with MdSGHV036. However, the amino acid identity within the GpSGHV pairs was only 33 %, suggesting that independent changes occurred to differentiate each GpSGHV ORF. The amino acid identity between GpSGHV096 and GpSGHV097 was only 23 % and no conserved motif was found. In two other instances, two GpSGHV ORFs were included within one MdSGHV ORF. GpSGHV032/033 were homologous with two different regions of MdSGHV074. Similarly, GpSGHV030/031 shared homology to different locations in MdSGHV082.
Nine genes with known functions and a gene with unknown function, but with homology to a baculovirus conserved ORF, were present in the two SGHVs. These are DNA polymerase (dnapol), thymidylate synthase (ts), per os infectivity factors 1, 2 and 3 (pif-1, pif-2 and pif-3), peroral infectivity factor (p74), matrix metalloproteinase (mmp), occlusion-derived virus e66 (odv-e66), helicase-2 and Ac81-like protein (Table 2 ). The remainder of the shared ORFs did not have homology to known genes of other large invertebrate dsDNA viruses, which indicated that the SGHVs may have a set of specific genes required for virion morphogenesis for infecting cells of the adult flies' salivary glands and for inducing SGH-specific symptoms that are not caused either by baculovirus or nudivirus infections.
The proteomic analysis of the MdSGHV purified virions revealed the presence of 29 encoded proteins (GarciaMaruniak et al., 2008) , 15 of which share homology with GpSGHV (Table 2) , including p74. This indicates that (i) these homologous proteins will most probably be present in the GpSGHV virions and may belong to the SGHV core Since the nudivirus and nimavirus virions share some structural (large circular dsDNA, dispersed homologous repeat regions), morphological (rod-shaped) and biological (nuclear replication) characteristics with the SGHVs, comparative analyses were carried out between the SGHVs and the nudiviruses HzNV-1, GbNV and OrNV, and the nimavirus WSSV. MdSGHV had more homologous ORFs to HzNV-1, GbNV, OrNV and WSSV (13, 6, 8 and 5, respectively) than GpSGHV (7, 4, 2 and 3, respectively) ( Table 2 ). However, the number of homologous ORFs was very limited and restricted to DNA replication and oral infectivity genes. The protein identity values of the encoded proteins were always higher between the two SGHVs than with the nudiviruses.
Genomic organization
Gene parity plots have been successfully used to align and compare the ORF organization in baculovirus genomes (Hu et al., 1998; van Oers & Vlak, 2007) . Using this approach the gene order of both SGHV genomes and each of the SGHVs to HzNV-1 and GbNV (Fig. 1) were compared. The SGHVs revealed two major regions of collinear ORFs that suggest common ancestry of the two SGHVs interspersed by a large gap and a distinct inversion (Fig. 1a) . The analysis also showed that the GpSGHV ORFs from 112 to 160 (from a total of 160 ORFs) did not present organizational homology to the MdSGHV ORFs with one exception (GpSGHV154). The ORFs sharing homology to MdSGHV were mostly clustered between ORFs 30 and 111 (Fig. 1a) . In contrast, the parity plots of either SGHV versus either nudivirus, HzNV-1 (Fig. 1b and c) or GbNV ( Fig. 1d and e) indicated that they have a few ORFs in common and no linear correspondence, thus distancing the SGHVs from the nudiviruses.
Syntenic maps make it possible to compare general genomic organization and visualize regions of both coding and non-coding sequence conservation. The ACT has been a useful tool since 2001 to compare genomes (Cole et al., 2001) and has been applied successfully to test collinearity between baculovirus genomes (Lauzon et al., 2006; Oliveira A. Garcia-Maruniak and others et al., 2006; Wolff et al., 2008) . The syntenic map between MdSGHV and GpSGHV showed significant collinearity between the two genomes (Fig. 2) . A comparable level of collinearity has also been observed when several representatives of the baculovirus NPVs group II were compared (Wolff et al., 2008) . A total of 161 conserved regions (not ORFs) sharing amino acid identities of 25-73 % were found between MdSGHV and GpSGHV by the syntenic analysis. When this analysis was extended to include HzNV-1 (Fig. 2a) and GbNV (Fig. 2b) , the number of conserved regions was reduced, and there was a lack of collinearity with the SGHVs. The syntenic relationship between these viruses was based on the translated sequence regions that provided an advantage over comparing ORFs, as most of the ORFs of MdSGHV and GpSGHV remain to be validated. These genomic analyses strongly suggest that GpSGHV and MdSGHV are related and distinct from other large invertebrate DNA viruses.
Virus-derived miRNAs have been found to be important regulatory factors involved in the control of both viral (Barth et al., 2008; Gupta et al., 2006) and host gene Salivary gland hypertrophy viruses are related expression (Sullivan et al., 2005; Stern-Ginossar et al., 2007) . miRNAs have been found in intergenic regions, introns, non-coding region of exons (Kim & Nam, 2006) and also in the middle of coding regions (Hussain et al., 2008) . Six and seven pre-miRNAs were found in MdSGHV and GpSGHV, respectively. These pre-miRNAs were dispersed along the genomes, in both DNA strands, and either inside or in between ORFs ( Supplementary Fig. S1 available in JGV Online). This is different from the baculovirus type species AcMNPV in which only four predicted miRNAs were found located in previously identified homologous regions (hr) of the viral genome (data not shown). Currently, we do not have data about the biological function of these putative SGHV miRNAs. However, since both SGHVs cause hypertrophy of infected host salivary gland tissues and both have sequences predicted to code for pre-miRNAs it would be interesting to validate their presence and determine if they regulate gene expression in their respective hosts, the house fly and tsetse fly.
Promoter analysis
Promoter analysis of the SGHV genomes was performed to see if these promoters share common transcriptional properties with other groups of large dsDNA viruses (Marks et al., 2006) . Baculoviruses, iridoviruses and SGHVs are rich in A and T nucleotides and more so are their promoters. In MdSGHV, the 4 mer TAAG motif was strongly overrepresented in the 100 and 200 bp sequences upstream of the identified ORFs and could represent a viral gene promoter motif (Table 3, Supplementary Table S1 available in JGV Online). The TAAG motif was also strongly represented in the GpSGHV upstream regions of identified ORFs (Abd-Alla et al., 2008) . This TAAG motif is ubiquitously found in promoters of baculovirus late genes (Table 3) and is known to be the canonical sequence to initiate baculovirus late transcripts (Blissard & Rohrmann, 1990) . The predominance of this motif in the region upstream of SGHV ORFs might well predict a common role in transcription regulation as with baculoviruses. This TAAG motif was not enriched in promoter regions of CIV ORFs, and this is in line with the phylogenetic distance of iridoviruses from baculoviruses and the SGHV group. The nudivirus HzNV-1 upstream regions were not strongly enriched for TAAG motifs (Table 3) , despite its phylogenetically smaller distance to the baculoviruses and SGHV group. From the analysis of 5 mer sequences, a consensus motif [(A/G/T) TAAG (A/G/C)] could be extracted for both SGHV viruses (see also Supplementary  Table S1 ), and this is also reminiscent of the situation in baculoviruses (Marks et al., 2006) . Further analyses such as the role of the SGHV ORF motifs in transcriptional regulation are needed to confirm that the TAAG motif is indeed a crucial element of SGHV (late) viral promoters.
Phylogenetic analysis
Both MdSGHV (MdSGHV001) and GpSGHV (SGHV079) encode a putative protein homologous to the delta catalytic subunit of DNA polymerase from several eukaryotic organisms (Abd-Alla et al., 2008; Garcia-Maruniak et al., 2008) . The amino acid identity between MdSGHV and GpSGHV DNA polymerase was 31 % ( Table 2 ). The best match for both ORFs to viral genes was to herpesvirus DNA polymerase with 22.6 and 24.9 % amino acid identity for MdSGHV001 and GpSGHV079, respectively. The phylogenetic analysis clearly showed that the DNA polymerases from MdSGHV and GpSGHV are in the same clade, and they branched distantly from the baculoviruses and nudiviruses (data not shown). These findings agreed with the topologies generated for the GpSGHV and MdSGHV DNA polymerases by Abd-Alla et al. (2008) and Garcia-Maruniak et al. (2008) , respectively.
The genes encoding per os infectivity factors (pifs) and p74 structural proteins are common to all sequenced nudiviruses and baculoviruses, and they are essential for oral infectivity (Kuzio et al., 1989; Kikhno et al., 2002; Pijlman et al., 2003; Ohkawa et al., 2005; Song et al., 2008) . These genes are known or presumed to encode envelope proteins typical of the occlusion-derived virus phenotype, which are important for the entry process into the midgut epithelial cells (Slack & Arif, 2007) . Both MdSGHV and GpSGHV encode putative proteins homologous with the baculovirus pif proteins and the odv-e66 gene conserved in Lepidopteran baculoviruses (Abd-Alla et al., 2008; Garcia-Maruniak et al., 2008) . In both viruses a homologue of the conserved baculovirus gene odv-e66 was found (GpSGHV005 and MdSGHV047), which encodes a structural component of the occlusion-derived virion of baculoviruses. MdSGHV contains a homologue of Ac150, which encodes a baculovirus virion protein that may modulate oral infection but is not essential for it to occur (Zhang et al., 2005) . No such gene homologue was found in GpSGHV ORFs. The phylogenetic analysis of a concatenated p74, pif-1, pif-2 and pif-3 amino acid sequence ( Fig. 3a) and of odv-e66 (Fig. 3b) showed that the relationship between the structural proteins in MdSGHV and GpSGHV was very close, and in all cases, both viruses shared the same clade having amino acid identities of 39, 35, 38, 31 and 35 % for p74, pif-1, pif-2, pif-3 and odv-e66, respectively (Table 2 ). This tree was strongly supported by bootstrap analysis.
A homologue of AcMNPV ORF 81 (Ac81), present in all the baculoviruses and nudiviruses, was also found in MdSGHV108 and GpSGHV078. Both proteins had amino acid identities of 36 % and branched very close to each other in the same clade (Fig. 3c) . Although this gene belongs to the conserved core genes of baculoviruses, its function has not been defined (Slack & Arif, 2007) .
Helicase is one of the 29 conserved baculovirus core genes. ORFs homologous to helicase-2 have been described in HzNV-1, HzNV-2, OrNV (Wang et al., 2007a) Salivary gland hypertrophy viruses are related not find homology to the SGHVs helicases. The SGHVs putative helicase-2 shared 31 % amino acid identities and clustered in a single clade (Fig. 3d) , separated from the conserved helicase core gene of baculoviruses. The biological activity of the SGHV helicase-2 has to still be investigated to confirm if it is involved in DNA repair and recombination as was found for baculoviruses (Pearson & Rohrmann, 1998) .
Although the SGHVs have some structural (non-occluded virion, circular dsDNA) and biological (oral infectivity, nuclear replication) similarities with baculoviruses and nudiviruses they have major differences especially in their pathology. None of the nudiviruses or baculoviruses induce SGH that cause a decrease (or even inhibition of) of fertility. The lack of gene order conservation between the SGHVs and nudiviruses was demonstrated when either their ORFs or their syntenic maps were compared to one another. Furthermore, the distance obtained in the phylogenetic trees indicated that the SGHVs, although related to each other, are not close to other large dsDNA viruses infectious to insects. Future studies on MdSGHV and GpSGHV could reveal what is the genetic basis for adaptation to hosts (house and tsetse flies) with different biological backgrounds.
Information obtained from additional SGHVs should provide further insight into the genetics and unique pathology of this new group of viruses and a framework for addressing the taxonomic position of the SGHVs.
